Abstract. Seismic microzonation is a process of estimating site-specific effects due to an earthquake on urban centers for its disaster mitigation and management. The state of West Bengal, located in the western foreland of the AssamArakan Orogenic Belt, the Himalayan foothills and Surma Valley, has been struck by several devastating earthquakes in the past, indicating the need for a seismotectonic review of the province, especially in light of probable seismic threat to its capital city of Kolkata, which is a major industrial and commercial hub in the eastern and northeastern region of India. A synoptic probabilistic seismic hazard model of Kolkata is initially generated at engineering bedrock (V 30 s ∼ 760 m s −1 ) considering 33 polygonal seismogenic sources at two hypocentral depth ranges, 0-25 and 25-70 km; 158 tectonic sources; appropriate seismicity modeling; 14 ground motion prediction equations for three seismotectonic provinces, viz. the east-central Himalaya, the Bengal Basin and Northeast India selected through suitability testing; and appropriate weighting in a logic tree framework. Site classification of Kolkata performed following in-depth geophysical and geotechnical investigations places the city in D1, D2, D3 and E classes. Probabilistic seismic hazard assessment at a surface-consistent level -i.e., the local seismic hazard related to site amplification performed by propagating the bedrock ground motion with 10 % probability of exceedance in 50 years through a 1-D sediment column using an equivalent linear analysis -predicts a peak ground acceleration (PGA) range from 0.176 to 0.253 g in the city. A deterministic liquefaction scenario in terms of spatial distribution of liquefaction potential index corresponding to surface PGA distribution places 50 % of the city in the possible liquefiable zone. A multicriteria seismic hazard microzonation framework is proposed for judicious integration of multiple themes, namely PGA at the surface, liquefaction potential index, NEHRP soil site class, sediment class, geomorphology and ground water table in a fuzzy protocol in the geographical information system by adopting an analytical hierarchal process. The resulting high-resolution surface consistent hazard, liquefaction and microzonation maps are expected to play vital roles in earthquake-related disaster mitigation and management of the city of Kolkata.
Introduction
Natural disasters inflicted by earthquakes cannot be prevented, nor is there any possibility in the near future for accurate and socially useful short-term prediction for an impending earthquake. The damage pattern due to an earthquake depends largely on the local site condition and the social infrastructure of the region, with the most important condition being the intensity of ground shaking at the time of an earthquake. A contrasting seismic response is observed even within a short distance over small changes in the geology of the site.
The challenge of urban hazard mapping is to predict the ground motion effects related to various source, path and site characteristics with an acceptable level of reliability. Seismic microzonation, recognized as priority area of an earthquake mitigation program, can be defined as the subdivision of a region that has relatively similar exposure to seismic shaking and accompanying environmental effects, such as surface faulting, liquefaction and landslides on the basis of different possible soil responses that can increase the damage. A seismic microzonation framework is shown in Fig. 1 along with the seismological and geological attributes. The scheme outlines a compilation of information related to seismicity, identification of potential seismic source zones, development of seismicity models, maximum earthquake prognosis supported by earthquake catalogs, and other relevant data such as tectonic database and ground rupture. The locallevel assessments involve mapping of surficial geological and geomorphological features, development of geotechnical database, and evaluation of different surficial soil attributes (e.g., density, rigidity, compressibility, damping, water content). Therefore, the seismic hazard microzonation framework encompasses the seismicity, seismic sources, and earthquake potential based on available historical and instrumental data covering hundreds of years, such as microand macro-seismicity, regional tectonics and neo-tectonics (faults/lineaments), geology, geohydrology, crustal structure, subsurface lithostratigraphy, ground-rupture hazard and soil liquefaction.
The state of West Bengal, India, located in the western foreland of the Assam-Arakan Orogenic Belt, the Himalayan foothills and Surma Valley is affected by sparse seismicity. However the occurrence of devastating earthquakes inside and around the region like the great 1897 Shillong earthquake of M w 8.1, the 1950 Assam earthquake of M w 8.7, the 1934 Bihar-Nepal earthquake of M w 8.1, the 1964 Sagar Island earthquake of M w 5.4, and the 2011 Sikkim earthquake of M w 6.9 drew attention to the seismic hazard of the province. The 1934 Bihar-Nepal earthquake of M w 8.1 inflicted considerable damage to life and property in Kolkata (GSI, 1939) , adhering to the Modified Mercalli (MM) intensity of VI-VII. The near-source earthquakes reported in Kolkata include the 1906 Kolkata earthquake with MM intensity V-VI (Middlemiss, 1908) , the 1885 Bengal earthquake of M w 6.8 with MM intensity V (Martin and Szeliga, 2010) , the 1935 Pabna earthquake of M w 6.2 with MM intensity V (Martin and Szeliga, 2010) and the 1964 Sagar Island earthquake of M w 5.4 with damage intensity of MM VI-VII in the area surrounding the city of Kolkata . Incidentally, none of these destructive earthquakes are reported to have caused any coseismic surface ruptures in and around Kolkata. However, the maximum intensity reported in Kolkata is MM VII, generated from both the near-source earthquake of 1964 and the distant earthquake of 1934, making the province seismically vulnerable.
(2) basin margin fault zone (western scarp zone), (3) stable shelf, (4) hinge zone or shelf/slope break, and (5) deep basin, as shown in Fig. 2a and the W-E geological cross section in Fig. 2b . The most prominent tectonic feature in the Bengal Basin is the NE-SW-trending Eocene Hinge Zone (EHZ), also known as the Calcutta-Mymensing Hinge Zone, which is 25 km wide and extends to a depth of about 4.5 km below Kolkata, reportedly triggered an earthquake of magnitude M w 6.2 in 1935, with the epicenter at lat 24 • 255 N, long 89 • 495 E, that mostly affected Bangladesh, but a prolonged tremor was felt at Kolkata. The EHZ is covered by an upper Paleozoic to Holocene sedimentary fill to a maximum thickness of about 7.5 km. The other major tectonic features of this region are the Garhmoyna-Khandaghosh Fault, Jangipur-Gaibandha Fault, Pingla Fault, Debagram-Bogra Fault, Rajmahal Fault, Malda-Kishanganj Fault, SainthiaBahmani Fault, Purulia Shear Zone, main boundary thrust, main central thrust, Tista Lineament, and Purulia Lineament, as depicted in Fig. 2a . In the region of Northeast India, major faults, such as the Dauki Fault, Oldam Fault and Dhubri Fault, marking the boundary of the strikingly elevated Shillong Plateau also pose a seismic threat to West Bengal and in particular Kolkata.
Probabilistic seismic hazard assessment (PSHA)
framework for Kolkata at engineering bedrock
Seismogenic source definition in the region
A successful seismogenic source definition requires a declustered homogeneous earthquake catalog of the study region. We therefore prepared an earthquake catalog of the Bengal Basin and the adjoining region spanning the 1900-2012 period by considering three major earthquake data sources, namely the International Seismological Centre (ISC, http: //www.isc.ac.uk), the US Geological Survey/National Earthquake Information Center (USGS/ NEIC, http://neic.usgs. gov.us), and the Global Centroid Moment Tensor Project (GCMT, http://www.globalcmt.org), wherein the hypocentral depth entries have been computed using the algorithm given by Engdahl et al. (1998) . Other data sources used include the India Meteorological Department (IMD, http: //www.imd.ernet.in), and Jaiswal and Sinha (2004) . For uniform magnitude scaling and establishing data homogeneity for meaningful statistical analysis, M w is preferred owing to its applicability for all ranges of earthquakes, i.e., for large or small, far or near, and shallow-or deep-focus earthquakes. Thereafter, the entire catalog has been declustered to remove foreshocks and aftershocks to derive a main-shock catalog accessible at http://www.earthqhaz.net/sacat/. The fault database is compiled with a geographical information system (ArcGIS 9.1). The sources include seismotectonic map of India published by the Geological Survey of India (Dasgupta et al., 2000) and the one extracted from Landsat TM/MSS and Dasgupta et al., 2000; USGS-BGAT, 2001; and GSB, 1990) and (b) a W-E geological cross section depicting the lithostratigraphy and structural setting of the Bengal Basin (modified from Alam et al., 2003) .
SRTM data. To characterize the seismogenic sources responsible for significantly contributing to the seismic hazard of Kolkata, the earthquakes from the catalog supplemented by records of historical earthquakes (occurring prior to 1900 and as early as AD 819) and instrumental data covering a period from 1900-2012 are projected with the fault pattern in the region. Thus, in the present study, we classified seismogenic sources based on two categories, viz. (a) layered polygonal sources and (b) active tectonic sources.
Layered polygonal seismogenic source zones
A popular approach in the seismogenic localization process is the areal source zonation, wherein the objective is to capture uniform seismicity. The seismicity pattern and seismogenic source dynamics are known to have significant variations with depth (e.g., Prozorov and Dziewonski, 1982; Christova, 1992; Tsapanos, 2000; Allen et al., 2004; . This has been considered by scientists in other parts of the globe (e.g., Stirling et al., 2002 ; Suckale and Grünthal, 2009) . Hence, considering a single set of seismicity parameters over the entire depth range may generate an incorrect hazard estimation. Based on the hypocentral depth of seismicity in this region, two hypocentral depth ranges (in kilometers) -0-25 and 25-70 -are considered. Thereafter, the zonation is carried out based on seismicity patterns, fault networks and similarity in the style of focal mechanisms (e.g., Cáceres et al., 2005) demarcating 33 source zones as depicted in Fig. 3 . The layered model is expected to facilitate in resolving the source characteristics more precisely than the conventional single-layer schemes considered hitherto by other authors. In real situations, it is difficult at times to establish a definite tectonic class for a given zone. While the source zonation becomes a case of tectonic dismantling, reduced seismogenic zone dimensions with sparse earthquake occurrences would obscure seismicity parameterization. In that respect, seismicity smoothing or a zone-free approach is considered pragmatic to account for the absence of fault associability while adhering to the spatial distribution of earthquake occurrences. This complies with the fact that the locations of future large earthquakes tend to follow those of the past seismicity (Kafka, 2007; Parsons, 2008) . The approach has been in vogue since the works of Vere-Jones (1992), Kagan and Jackson (1994) and Frankel (1995) . Recent studies have employed seismicity smoothing for small to moderate earthquakes and fault-specific zonation for larger earthquakes (e.g., Petersen et al., 2008; Kalkan et al., 2009 ). Alternatively, a unified approach can be formulated such that seismicity models based on area zonation are employed for the estimation of b values and m max , while seismicity smoothing is used to establish the distribution of the seismic activity rate. This delineates the grid cells according to regions of homogenous seismotectonic characteristics. Eventually, the methodology adopted in the present study can be outlined as (1) delineation of areal source zones, (2) derivation of a seismicity model for each zone, and (3) application of a seismicity-smoothing algorithm to obtain activity rates for specific threshold magnitudes.
Active tectonic source zones
Additional seismic sources considered are the active tectonic features such as faults and lineaments (Azzaro et al., 1998; Slemmons and McKinney, 1977) . As discussed earlier, the Bengal Basin encompasses many active faults and lineaments which can be considered potential sources contributing to the seismic hazard of the region. In the present study, active tectonic features are extracted from the seismotectonic atlas of India (Dasgupta et al., 2000) , and additional features are extracted via image processing of Landsat TM data (http://glovis.usgs.gov/) through edge enhancement filtering and principal component analysis. The focal mechanism data employed in the present study are derived from the Global Centroid Moment Tensor Project (GCMT, www.globalcmt. org) database, covering the period from 1976 to 2012, and other studies, viz. Dasgupta et al. (2000) , Chandra (1977) , Singh and Gupta (1980) and Bilham and England (2001) . Therefore, we have identified about 158 tectonic features (i.e., faults and lineaments) in the 0-25 and 25-70 km depth ranges that have the potential to generate earthquakes of M w 3.5 and above. Figure 4 depicts major active tectonic sources of West Bengal and its adjoining region. The deterministic assessment of characteristic earthquakes, viz. maximum earthquakes from a fault, is generally achieved by means of a relationship between earthquake magnitude and coseismic subsurface fault rupture length. The primary method used to estimate subsurface rupture length and rupture area is the spatial pattern of early aftershocks (Wells and Coppersmith, 1994) . Aftershocks that occur within a few hours to a few days of the mainshock generally define the maximum extent of coseismic fault rupture (Kanamori and Anderson, 1975; Dietz and Ellsworth, 1990; Wong et al., 2000) . Basically, an aftershock zone roughly corresponds to the fault ruptured during the mainshock; precise studies indicate that aftershocks are concentrated near the margin of the fault area where the large displacement occurred (e.g., Das and Henry, 2003; Utsu, 2002) . The general assumption, based on worldwide data, is that one-third to one-half of the total length of fault would rupture when it generates the maximum earthquake (Mark, 1977; Kayabalia and Akin, 2003; Shukla and Choudhury, 2012; Seyrek and Tosun, 2011) . In the present study, the fault rupture segmentation was identified using the maximum length of the well-defined mainshock and aftershock zone along the faults (Besana and Ando, 2005; Utsu, 2002; Wells and Coppersmith, 1994) ; thereafter a GIS-based on-screen digitization method was used for the estimation of subsurface rupture length of each active tectonic feature. The maximum credible earthquake has been estimated using the relationship given by Wells and Coppersmith (1994) based on subsurface fault rupture dimension and magnitude. 
Seismicity analysis
The evaluation of seismicity parameters is one of the most important steps for hazard estimation. Earthquake occurrences across the globe follow the Gutenberg-Richter (GR) relationship,
where λ(m) is the cumulative number of events with magnitude ≥ m (Gutenberg and Richter, 1944) . The slope parameter, commonly referred to as the b value, is often employed as an indicator of the stress regime in the tectonic reinforcements, and to characterize seismogenic zones (Schorlemmer et al., 2005) . The maximum likelihood method to estimate the b value given by Aki (1965) and Utsu (1965) is as follows:
where m mean is the average magnitude, m t is the minimum magnitude of completeness, and m is the magnitude bin size (0.1 in the present study). The standard deviation of the b value (δb) has been computed by means of the bootstrapping method, as suggested by Schorlemmer et al. (2003) , which involves repeated computations, each time employing a redundant data sample, allowing events drawn from the catalog to be selected more than once. A minimum magnitude constraint is generally applied on the GR relation given by Eq.
(1) on the basis of the magnitude of completeness entailed by the linearity of the GR relation on the lower magnitude range. An upper magnitude has been suggested in accordance with physical dissipation of energy and constraints due to the tectonic framework (Kijko, 2004) . This is achieved by establishing the maximum earthquake m max physically capable of occurring within a defined seismic regime in an underlying tectonic setup. The magnitude distribution is therefore truncated at m max such that m max m min . A modified version of Eq. (1) formulated by Page (1968) and Cornell and Vanmarcke (1969) is a truncated exponential distribution termed as truncated Gutenberg-Richter (TGR) frequencymagnitude relationship as follows:
where m min is minimum magnitude and m max is an upperbound magnitude. The maximum earthquake (M max ) is the largest seismic event characteristic of the terrain under the tectonostratigraphic consideration. The b value and a value are estimated by applying the maximum likelihood method (Aki, 1965; Utsu, 1965) on the instrumental catalog. The incomplete data (including the historical data) are rendered return periods according to the models, namely the GR and truncated GR (TGR) models. The linear GR relation can statistically accommodate large events if the seismic source zone is of appropriate size and the temporal coverage of the catalog is also long enough; the TGR model is assumed to be more appropriate considering the energy dissipations at larger magnitudes. For polygonal sources, a maximum likelihood method for maximum earthquake estimation referred to as Kijko-Sellevoll-Bayesian (Kijko, 2004) has been used. In several cases, zones with similar tectonics are merged to achieve a sufficient number of events, i.e., ≥ 50, as well as an acceptable uncertainty with the estimated seismicity parameters. This produced 21 zones out of a total of 33. Sample frequency-magnitude distribution plots for a few polygonal seismogenic sources are given in Fig. 5 . The seismicity parameters estimated for all the polygonal seismogenic sources are listed in Table 2 .
Smoothed seismicity model
The contribution of background seismicity in the hazard perspective is estimated using smoothened gridded seismicity models. This allows modeling for of discrete earthquake distributions into spatially continuous probability distributions. The technique given by Frankel (1995) is employed in the present study. The entire region is gridded at a regular interval of 0.1 • , with each grid point encompassing a cell of 0.1 • × 0.1 • , which represents about 11 km 2 . The smoothened function is given by
where n j (m r ) is the number of events with magnitude ≥ m r , d ij is the distance between ith and j th cells, and c denotes the correlation distance. The annual activity rate λ m r is computed each time as N i (m r )/T , where T is the (sub)catalog period. The present analyses make use of subcatalogs for the periods 1990-2012, 1964-2012 and 1903-2012 , with threshold magnitudes of M w 3.5, 4.5 and 5.5, respectively, as summarized in Table 3 . Correlation distances of 55, 65 and 85 km are decided for the respective cases by calibrating the outputs from several runs of the algorithm with the observed seismicity. The smoothened seismicity analysis is performed for the threshold magnitudes of M w 3.5, 4.5 and 5.5, with the results of M w 3.5 at the hypocentral depth ranges 0-25 and 25-70 km being displayed in Fig. 6 . Likewise, the seismic activity rates for each active tectonic source within a 25 km buffer around each are also computed using the threshold magnitudes of M w 3.5, 4.5 and 5.5 at both the hypocentral depth ranges. -25 1990-2012 1964-2012 1903-2012 25-70 1990-2012 1964-2012 1902-2012 
Ground motion prediction equations
The ground motion parameters at a site of interest are evaluated by using a ground motion prediction equation that relates a specific strong motion parameter of ground shaking to one or more seismic attributes (Campbell and Bozorgnia, 2003) . In the study region, a strong motion network recorded several moderate intensity earthquakes (Nath, 2004; Pal et al., 2008; Raj et al., 2008) from the near and distant fields from within the Bengal Basin, east-central Himalaya and Northeast India. Due to paucity of good magnitude coverage of strong ground motion data, analytical or numerical approaches for a realistic prognosis of possible seismic effects in terms of tectonic regime, earthquake size, local geology, and near-fault conditions necessitate systematic ground motion synthesis. In order to strengthen the ground motion database, the seismic events of small to moderate magnitude recorded by the Darjeeling-Sikkim strong motion network (DSSMN) of IIT Kharagpur, PESMOS (http://pesmos.in) of IIT Roorke, the IIT Guwahati strong motion network in the Northeast India, and the IIT Kharagpur Broadband Seismological Observatory have been combined with the simulated ones. There are several algorithms available for ground motion synthesis. However, finite-fault stochastic method is considered to be best suited over a large fault rupture distance and the source characteristics for near-field approximation.
In order to create a strong ground motion database, we simulated earthquakes of M w 3.5 to the maximum credible earthquake magnitude in the three tectonic provinces, namely the east-central Himalaya, the Bengal Basin and Northeast India, at M w 0.2 intervals with the source functions given in Table 4 and using the EXSIM stochastic simulation package developed by Motazedian and Atkinson (2005) . Figure 7 exhibits a satisfactory agreement between the recorded and the simulated acceleration spectra of (1) Fig. 7e and f) . Furthermore, a scatterplot shown in Fig. 8 between the recorded and the synthesized PGA values for a wide magnitude range of M w 3.9 to 6.9 considering all the three seismogenic sources, viz. the Bengal Basin, the east-central Himalaya and Northeast India, depicts a 1 : 1 correspondence, establishing the efficacy of earthquake synthesis and its utility in conjunction with the recorded ones in the creation of a significant strong ground motion database for working out the next-generation attenuation (NGA) models in the present study for probabilistic seismic hazard assessment of the region. Thereupon, nonlinear regression analyses were performed for different shaking parameters, Y (i.e., PGA, PGV and PSA at different periods), following least-squares error minimization to estimate the coefficients of NGA models following Atkinson and Boore (2006) and Campbell and Bozorgnia (2003) as given in Eqs. (5) and (6), respectively, for the three major tectonic provinces, viz. the east-central Himalaya, the Bengal Basin and Northeast India.
a. The Atkinson and Boore (2006) (BA 06) model: 
"M" is the moment magnitude and "R cd " is the closest distance to the fault. The obtained regression coefficients for the three main tectonic provinces using this NGA model (Eq. 5) are given in Table 5 .
b. The Campbell and Bozorgnia (2003) (CB 03) model
where
S VFS = 1 (very firm soil), S SR = 1 (soft rock), S FR = 1 (firm rock), S VFS = S SR = S FR = 0 (firm soil), F TH = 1 (thrust faulting), F RV = 1 (reverse), F RV = F TH = 0 (strike slip and normal). M w represents moment magnitude and r seis represents the closest distance to seismogenic rupture. According to Campbell and Bozorgnia (2003) , the nonlinear site effects inherent in large ground motion on firm soil do not permit a significant increase in ground motion over the hanging wall effect. Moreover, the hanging wall effect dies out for r seis < 8 km, or sooner if r j b ≥ 5 km or δ ≥ 70 • . Hence, in the present scenario, the hanging wall effect is not considered and the prediction equation has been modified after Campbell and Bozorgnia (2003) to generate a NGA model suitable for the entire West Bengal region. The obtained regression coefficients for the three main tectonic provinces using this NGA model (Eq. 6) are given in Table 6 . For establishing further efficacy of the analyses performed in the present study, we generated a comparative plot of the predicted, recorded and simulated PGA values for the three aforesaid dominant seismogenic sources, as shown in Fig. 9 , which exhibits a satisfactory agreement amongst all the three values. The regression models for PGA and PSA have been validated using an analysis of residuals:
where Y os is the recorded and simulated PGA/PSA and Y p is the estimated PGA/PSA from the empirical attenuation relation. Residual plots for PGA as a function of fault distance for the three seismogenic sources are shown in Fig. 10 . It is evident that the residuals have a zero mean and are uncorrelated with respect to fault distance. A residual analysis of PGA and PSA of the NGA models predicted in the present investigation is unbiased with respect to both the magnitude and fault distance, and hence can be used along with other existing prediction equations available for the region as well as those available for a similar tectonic setup in a logic tree framework for seismic hazard assessment of Kolkata. We adopted a total of 14 Ground Motion Prediction Equations (GMPEs) as given in Table 7 for hazard computations in the region, whereas the coefficients for the additional 8 GMPEs have been used as reported in the original publications. The GMPEs are selected according to the assessment criterion of Nath and Thingbaijam (2011b) . Appropriate GMPE weight has been assigned based on the seismotectonism and geology of the province, with maximum weight being assigned to the regressed NGAs developed as a part of the present study.
PSHA computational model
A synoptic probabilistic seismic hazard model of Kolkata is generated at engineering bedrock (V 30 s ∼ 760 m s −1 ). The basic methodology of probabilistic seismic hazard analysis involves computation of ground motion thresholds that are exceeded with a mean return period of, for example, 475 years/2475 years at a particular site of interest. The effects of all the earthquakes of different sizes occurring at various locations for all the seismogenic sources at various probabilities of occurrences are integrated into one curve that shows the probability of exceeding different levels of a ground motion parameter at the site during a specified time period. The computational formulation as developed by Cornell (1968) , Esteva (1970) and McGuire (1976) is given as
where ν (a > A) is the annual frequency of exceedance of ground motion amplitude A, λ is the annual activity rate for the ith seismogenic source for a threshold magnitude, and function P yields probability of the ground motion parameter a exceeding A for a given magnitude m at source-to-site distance r. The corresponding probability density functions are represented by f m (m), f r (r) and f (δ). The probability density function for the magnitudes is generally derived from the GR relation (Gutenberg and Richter, 1944) . The present implementation makes use of the density function given by Bender (1983) as
where β = b ln(10) and b refers to the b value of GR relation. The distribution is bounded within a minimum magnitude m min and a maximum magnitude m max . f (δ) is the probability density function (in lognormal distribution) associated with the standard deviation of the residuals in GMPE. f (δ) also defines the epsilon (ε) standard deviations of the ground motion from its median value through the prediction equation. The GMPEs are described as relationships between a ground motion parameter "Y " (i.e., PGA, PGV or PSA at different periods), an earthquake magnitude "M", a source-tosite distance "R", and an uncertainty or residual (δ) through
The ground motion uncertainty δ is modeled as a normal distribution with a standard deviation, σ ln,y . Hence the above equation can be expressed as
where ε is the normalized residual, which is also a normal distribution with a constant standard deviation, and σ ln,y is the standard deviation associated with the GMPE. In the PSHA formulation as given in Eq. (8), standard deviation denoted by δ is basically the residual associated with each GMPE. The probability density function f (δ) follows a lognormal distribution that can be expressed as
where ln y mr = f (M, R) is the functional form of the prediction model in terms of magnitude and distance. Ground motion variability constitutes aleatory uncertainty intrinsic to the definition of GMPEs and consequently to that of PSHA.
Computations based only on the median ground motions ignoring the associated variability are known to underestimate the hazards, especially at low annual frequencies of exceedance (Bommer and Abrahamson, 2006) . The value of ε max ranging from 2 to 4 has often been employed in probabilistic seismic hazard estimations (e.g., Marin et al., 2004) . However, truncation at ε max < 3 has been suggested to be inappropriate (e.g., Bommer and Abrahamson, 2006) . In the present study, truncation at ε max = 4 is considered to be pragmatic and implemented uniformly for all the GMPEs.
The distance probability function f r (r) represents the probability of occurrence of a given earthquake at a distance in the range (r, r + d r). In the present analysis, instead of considering probability function for the source-to-site distance distinctively, we have implemented gridded-point locations within the source zone, where finite-fault ruptures are constructed based on the rupture dimensions estimated for each magnitude.
The hazard computation is performed using a Poisson occurrence model given by Eq. (13) below on grid points covering the entire study region at a spacing of 0.005 • .
where λ is the rate of occurrence of the event (annual activity rate) and t is the time period of exceedance. With this, the annual rate of exceedance for an event with 10 % probability in 50 years is given by
A logic tree framework depicted in Fig. 11 is employed in the computation at each site to incorporate multiple models in the source considerations, GMPEs and seismicity parameters. In the present study, the seismogenic sources, i.e., tectonic and layered polygonal sources, are assigned weights equal to 0.6 and 0.4, respectively. The three derivatives for the threshold magnitude of M w 3.5, 4.5 and 5.5 are assigned weights equal to 0.20, 0.35 and 0.45, respectively. The seismicity model parameters, namely the annual rate of earthquakes (λ(m)) and β pairs, are assigned weights of 0.36, while the respective ±1 standard deviation receives weight equal to 0.32. Similar weight distribution is assigned for m max . The weights are allocated following the statistical rationale suggested by Grünthal and Wahlström (2006) . In order to define appropriate weights, the percentage of probability mass in a normal distribution for the mean value and ±1 standard deviation is considered corresponding to the center of two equal halves. Figure 12 depicts seismic hazard curves for selected landmarks of Kolkata corresponding to PGA, PSA at 0.2 and 1 s at engineering bedrock. Both the 2 and 10 % probability of exceedance levels in 50 years have been marked with horizontal dotted lines in the diagram. The spatial distribution of PGA in Kolkata presented in Fig. 13 for 10 % probability of exceedance in 50 years at engineering bedrock shows a variation of 0.124 to 0.178 g. The regions of Rajarhat, Newtown and Salt Lake are seen to have a higher hazard level, while a moderate hazard level is associated with the regions of Park Circus, Dhakuria, Kasba, Barabazar and Dharmatala. A low hazard level of around 0.12-0.13 g is observed in the southwestern part of Kolkata, encompassing areas of Behala, Metiabruz and Mahestala.
Surface consistent and site-specific hazard attributions
Site-specific hazard attribution necessitates (i) precise geomorphologic definition of the terrain, including the lithological characterization and sediment classification; (ii) in-depth surface geophysical and downhole geotechnical investigations for shallow shear wave velocity estimation and site classification following the National Earthquake Hazard Reduction Program (NEHRP), USGS and FEMA nomenclature; (iii) a site response analysis and probabilistic seismic hazard assessment at a surface-consistent level propagating the bedrock ground motion with 10 % probability of exceedance in 50 years through a 1-D sediment column and performing equivalent linear analysis of an otherwise nonlinear system through DEEPSOIL (Hashash, 2009) ; and (iv) assessment of liquefaction potential index from in situ borehole geotechnical data and N value/shear wave velocity profiles. To date, no evidence of any ground rupture in Kolkata due to the historical earthquakes affecting the terrain has been reported. In addition, following the earthquake ground effect postulations of Silva et al. (2008) and Reicherter et al. (2009) , there is only a very remote possibility of the occurrence of a coseismic surface-rupture hazard in the city during the time span used in the present study with the probabilistic framework for 10 % probability of exceedance in 50 years. Nonetheless, the utility of ground-rupture hazard mapping from historical/paleoseismic evidence and its integration with all the geological and seismological themes in the holistic seismic microzonation protocol is well conceived in the microzonation framework used in the present study.
Geomorphology of Kolkata
Kolkata overlies the Bengal Basin, which is formed by the Ganga-Brahmaputra river system and is also one of the largest deltas in the world. The basin consists of fluviomarine sediment of a pericratonic Tertiary basin. The surficial geology in and around Kolkata is rather uniform, and is characterized by the presence of 10-15 m of silty clay, below which relatively coarser sediments occur that consist of either silt or clay with kunkar or sand (Vaccari et al., 2011) . Geomorphologically, it is a typical deltaic flat land with surface elevation ranging between 5.5 and 9.5 m a.m.s.l sloping mostly southward. Deltaic plains, interdistributary marshes, paleochannels, younger levees adjacent to the River Hoogly and older levees on both the sides of the old Adi Ganga are the important geomorphological units (Roy et al., 2012) , as depicted in Fig. 14. Youd and Perkins (1978) classified the geomorphological units with affinity to high, moderate and low susceptibility to liquefaction, with the maximum likelihood in deltas, river channels and uncompacted artificial fills, whereas Ganapathy and Rajawat (2012) asserted abandoned river channel to be "likely" liquefiable. Thus, in Kolkata, all geomorphological units have potential liquefaction susceptibility during strong seismic shaking.
Sediment classification in Kolkata
Based on the proportions of sand, silt and clay-sized particles obtained from 350 boreholes in Kolkata as shown in Fig. 14 , the bottom sediments have been classified according to Shepard's diagram (O'Malley, 2007) , which is an example of a ternary diagram -a device for graphing a three-component system summing to 100 % (Shepard, 1954) . In this case, the components are the percentages of sand, silt and clay comprising a sediment sample. Each sediment sample plots as a point within or along the sides of the diagram, depending on its specific grain size composition. Using the borehole lithologs and the Shepard classification system, shallow sediment classification of Kolkata is performed that exhibits highly liquefiable sediments (Updike et al., 1988; Yamamuro and Hade, 1999) , viz. sand, sand-silt-clay mixture, sandy clay, silty sand and silty clay up to about ∼ 5 m as shown in Fig. 15 . 
Shear wave velocity estimation and NEHRP site classification in Kolkata
Effective shear wave velocity (V 30 s ) for a 30 m soil column is one of the most important parameters used in the understanding of geotechnical earthquake engineering problems. One of the easiest ways to estimate V 30 s is to use an empirical relationship between Standard Penetration Test (SPT) "N " values and shear wave velocities. Several empirical relations between SPT "N" values and lithology are available (Nath and Thingbaijam, 2011a) . A nonlinear regression be- 
The horizontal-to-vertical response curves obtained from microtremor survey reflect the geology and soil properties of the test site. Ambient noise data acquired using SYSCOM MR2000 at 1200 locations in the city have been processed using View2002 and GEOPSY software (www.geopsy.org) and inverted to authenticate the geotechnically derived 1-D shear wave velocity model by comparing the theoretical horizontal-to-vertical spectral ratio (HVSR) to the observed ones. The Matlab code ModelHVSR developed by Herak (2008) has been used to invert HVSR curves for the estimation of 1-D V s profiles at each investigation site. In situ downhole shear wave velocity profiling eventually benchmarks the V 30 s derived from surface geophysical techniques and SPT "N" values. Figure 16 depicts a few microtremor records, the borehole lithology, the 1-D shear wave velocity from the SPT "N" value, and V s from in situ downhole shear wave seismic survey, as well as that obtained by HVSR inversion.
Site thick horizons with clayey silt. Site class D1 is identified in some parts of Mukundapur, Salt Lake, Narkeldanga, Sealdah and the southeastern part of the city, all of those being predominantly underlain by silty clay and sandy clay. Most of the areas classified as site class D2 are composed of deep stiff soil with varied sediment deposits of clay, sand and clayey sand. In contrast, site class D3 comprises very dense soil and soft rock, such as boulders, cobbles or near-surface fractured rocks.
Site response and surface consistent probabilistic PGA/PSA
The amplification of ground motion over soft sediments occurs fundamentally due to the impedance contrast between sediments and the underlying bedrock resulting in the trapping of seismic waves. Geotechnical parameters such as soil type, thickness of the layer, unit weight, Atterberg limits and shear wave velocity of the material have been used for the estimation of site effects by propagating the bedrock motion to the ground surface through a 1-D soil column using equivalent linear analysis of a nonlinear system. A 5 % damping is used for all soil types while synthesizing the subsoil response for earthquake engineering purposes. The input time series obtained by inverse Fourier transform of the pseudo-spectral acceleration computed for 10 % probability of exceedance in 50 years at engineering bedrock is used to model the nonlinear behavior of a 30 m soil column at 350 borehole locations with a precise 1-D V s profile in order to generate site amplification and hence compute surface consistent PGA and PSA at each location. Figure 18 depicts the generic site amplification spectra for all the site classes in the city. The PGA Figure 18 . Generic site amplification curves depicting spectral ground motion amplification within a frequency band encompassing the fundamental and higher order modes for all the site classes defined in Fig. 17 (blue curves represent a composite of site amplification curves at all borehole locations in a site class (E, D1, D2, D3), while the red curve represents the average site amplification curve for each site class). for 10 % probability of exceedance in 50 years computed at the surface and presented in Fig. 19 exhibits a variation from 0.176 to 0.253 g with probable zone factors (PGA thresholds for each of these zones) of 0.240 and 0.253 in two updated distinct BIS-compliant zones -IV and V. The probabilistic surface-consistent PGA projects a seismic intensity following Wald et al. (1999) to vary between MM VI and VII in the entire city, where the potential damage distribution varies from light to moderate. The 5 % damped design response spectra generated using PSA at 1.0 and 0.2 s with 10 % probability of exceedance in 50 years following the International Building Code (IBC, 2009) for selected locations/landmarks in Kolkata at both the bedrock and the surface presented in Fig. 20 exhibit an increase in the design values for updating of the existing building code and imply a probable escalation in the urbanization cost of the city.
Ground water table and soil liquefaction assessment
Ground water table depth is among the major factors affecting the stability of soil. The main water-bearing formation of the region is Quaternary alluvium consisting of sands of various grades interbedded with silt and clay. The high groundwater levels create favorable conditions for the occurrence of liquefaction during an earthquake (Yilmaz and Bagci, 2006) . In the present study, water table depths obtained from 350 boreholes calibrated with a post-monsoon piezometer survey are used to generate a water table depth variation map of the city, as shown in Fig. 21 depicting water table level ranging between 0.1 and 7.7 m. Thus the sediment properties in terms of lithology, age of the deposit, grain size, shape and deposit compactness, along with geomorphology, hydrogeological conditions (i.e., groundwater level) and uncompacted artificial fills, constitute favorable conditions for ground motion amplification in the city as well as causing it to be prone to imminent liquefaction hazard (Updike et al., 1988; Yamamuro and Hade, 1999; Youd and Perkins, 1978; Yilmaz and Bagci, 2006) . . Design response spectra (5 % damped) generated using PSA at 1 and 0.2 s with 10 % probability of exceedance in 50 years for selected locations/landmarks in Kolkata at both engineering bedrock and surface levels. An increase in the design values due to modification in the building code can be observed, which implies an escalation in the probable cost of urbanization. Soil liquefaction is a secondary phenomenon associated with an earthquake which plays a major role in increasing the seismic risk of a province. It is generally observed in cohesionless saturated soil when, because of dynamic loading and increase in pore water pressure, the shear strength of the soil decreases to zero. The liquefaction potential is conventionally expressed as the factor of safety (FOS), which indicates the site's ability to resist liquefaction and assumes a value greater or smaller than 1 according to whether the site is considered to be safe or not. The FOS does not give any information about the severity of liquefaction, which can be quantified by the probability of liquefaction (P L ). Also, in order to consider the hazard of liquefaction for the entire soil column, a liquefaction potential index (LPI) for a depth of up to 20 m is calculated. A holistic framework for soil liquefaction assessment based on Seed and Idriss (1971) , Youd et al. (2001) , Idriss and Boulanger (2006) and Iwasaki et al. (1982) formulations, depicted in Fig. 22 , is used to generate a deterministic liquefaction scenario (Juang and Li, 2007) in the city that corresponds to the surface PGA distribution with 10 % probability of exceedance in 50 years with the moment magnitude for each PGA derived through a de-aggregation process. To generate the liquefaction susceptibility map of the city of Kolkata, an LPI distribution map is prepared in a GIS platform as shown in Fig. 23 . The LPI values have been categorized according to Iwasaki et al. (1982) as nonliquefiable (LPI = 0), low (0 < LPI < 5), high (5 < LPI < 15) and severe (LPI > 15). Large patches of zones with severe liquefaction potential have been identified in the northeastern and eastern regions of the city, encompassing Salt Lake, Rajarhat, Newtown and Nicco Park. The Bihar-Nepal earthquake of M w 8.1 caused considerable damage to life and property (GSI, 1939) : in the form of cracks in the buildings with subsidence and collapse as reported, presumably due to the effect of soil liquefaction triggered by the intensifying ground motion coupled with the shallow ground water table and the thick alluvial-filled Bengal Basin. The reported liquefaction-triggered damage due to the impact of the 1934 Bihar-Nepal earthquake is seen to occur mostly in the zones of high liquefaction susceptibility.
Multicriteria seismic hazard microzonation of Kolkata
Multicriteria seismic hazard microzonation has been carried out previously in other Indian regions -Guwahati , the Sikkim Himalaya (Nath, 2004; Pal et al., 2008) , Delhi (Mohanty et al., 2007) , Bangalore (Anbazhagan et al., 2010) and Chennai (Ganapathy, 2011) .The hazard mapping is achieved through use of a multicriteria-based decision support tool formulated by Saaty (1980) referred to as an analytical hierarchal process (AHP). AHP uses hierarchical structures to quantify relative priorities for a given set of elements on a ratio scale, which is based on the discernment of the user. From the judgments between two particular elements, a pairwise comparison matrix is constructed on a scale of integer factors 1-6, indicating an increasing importance of the elements. The ratio between such factors defines the relative importance of one element to another (Anbazhagan et al., 2010) . The pairwise comparison matrix that has been prepared is used to derive the individual normalized weights of each element. The weights of each criterion are calculated by summing up all the ratios in the relative matrix column and then dividing each element in the matrix by its column total to generate a normalized pairwise matrix, and then the weighted matrix is generated by dividing the sum of the normalized row by the number of criteria used. The consistency index (CI) is an important feature of the AHP that enables the rating inconsistencies to be determined (Saaty, 2000) . The consistency ratio (CR), which is a comparison between the CI and the random index (RI) obtained using the AHP method, is < 0.1. Saaty (1980) developed an average RI for different matrix orders. The weights are normalized to 1 and can be used in deriving the weighted sums of rating for each region of polygons of the mapped layers. Within each theme, the values vary significantly and are hence reclassified into various ranges or types collectively referred to as a feature of a thematic layer. The associated feature attributes are scored within the theme. The initial integral scoring, X j , is normalized to ensure that no layer exerts an influence beyond its determined weight using the following relation (Nath, 2004) :
where R j is the row score and R max and R min are the maximum and minimum scores of a particular layer. The hazard themes pertaining to the study region which are materialized as thematic layers on the GIS platform are (i) peak ground acceleration (PGA) at the surface, (ii) the liquefaction potential index (LPI), (iii) NEHRP soil site class (SC), (iv) sediment class (SEC), (v) geomorphology (GM), and (vi) ground water table (GWT). Each thematic layer has been georectified on a Universal Transverse Mercator projection system. The corresponding weights, the ranks of each thematic layer, and the theme attribute score thereof are assigned values according to the apparent contribution of the layers to the overall seismic hazard. For example, in the geomorphology theme, with regard to severity to liquefaction, we have assigned a ranking of "high" to swampy land, water bodies and river channels and "low" to paleochannel (Youd and Perkins, 1978; Ganapathy and Rajawat, 2012) . In the sediment class, considering the effect on the FOS, higher rank is assigned to sand, clayey sand and silty sand, whereas Figure 24 . Probabilistic seismic hazard microzonation map of Kolkata. Four broad divisions have been identified with the hazard index (HI), defined as 0.68 < HI ≤ 0.88, indicating severe hazard conditions, in the areas of Salt Lake and New Town; 0.47 < HI ≤ 0.68, indicating high hazard conditions, mostly in the areas of Rajarhat and Mahishbathan of the expanding city; 0.27 < HI ≤ 0.47, indicating moderate hazard conditions, in the most part of south and west Kolkata; and HI < 0.27, indicating a completely hazard-free regime. The damage distribution due to the 1934 Bihar-Nepal earthquake of M w 8.1 is reported (GSI, 1939) to have induced an MM intensity order of VI-VII in Kolkata, mostly identified in the moderate to high hazard zones (marked with a star). The detailed seismological and geohazard attributions for each division are presented in Table 10. the lowest rank is assigned to clay (Youd and Perkins, 1978; Yamamuro and Hade, 1999) . Table 8 presents the pairwise comparison matrix for the respective themes and their normalized weights. The normalized ranks assigned to the features of each theme are listed in Table 9 . All the georeferenced thematic layers are integrated step by step using the aggregation method in GIS to generate a seismic hazard microzonation map (SHM):
where "w" represents the normalized weight of a theme and "r" is the normalized rank of a feature in the theme. Thereafter, a 3 × 3 "majority filter" is applied to the SHM as a post-classification filter to reduce the high-frequency variation. SHM is a dimensionless quantity that helps in indexing the seismic hazard and hence the microzonation of a region into a qualitative scheme such as "low", "moderate", "high" and "severe". The probabilistic seismic hazard microzonation map of Kolkata shown in Fig. 24 depicts four broad divisions with a hazard index (HI) defined as 0.68 < HI ≤ 0.88 for "severe" hazard conditions, in Salt Lake and New Town areas; 0.47 < HI ≤ 0.68 for "high" hazard conditions, mostly in the areas of Rajarhat and Mahishbathan of the expanding city; and 0.27 < HI ≤ 0.47 for "moderate" hazard conditions, in most parts of south and west Kolkata. The damage distributions due to the great 1934 Bihar-Nepal earthquake are mostly identified in the moderate to high hazard zone (marked with a star). The detailed seismological and geohazard attributions for each division are presented in Table 10 .
Conclusions
Seismic hazard microzonation has emerged as an important issue in high-risk urban centers across the globe and is considered an integral part of earthquake-related disaster mitigation practices. A new perspective of multicriteria holistic seismic hazard assessment has been presented here for Kolkata based on an enriched homogeneous earthquake catalog; an upgraded tectonic database; seismotectonic implications; and geological, geotechnical and geophysical databases, all judiciously integrated in a fuzzy protocol using the sophisticated analytical technology coupled with a geographical information system. It has provided an enhanced seismic scenario in microscale (1 : 25 000) with the development of a set of next-generation attenuation models, NEHRP site characterization with associated generic site response spectra, liquefaction scenarios, and surfaceconsistent PGA distribution with upgraded 5 % damped design response spectra depicting an increase in the design values for an appropriate modification in the building code of the city of Kolkata.
